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A first estimate of mountain permafrost distribution in the Mount
Cook region of New Zealand's southern alps
Abstract
The heavily glaciated Mount Cook Region of New Zealand has experienced several recent large rock
instabilities, but permafrost conditions related to these events remain unknown. This work presents the
first systematic approach for investigating the distribution of mountain permafrost in New Zealand. At
this level of the investigation, a firstorder estimate is based upon the adaptation of established
topo-climatic relationships from the European Alps. In the southeast of the study region, the permafrost
estimate gives a reasonable correspondence with mapped rock glacier distribution but the maximum
elevation of vegetation growth is situated 200 m beneath the lower limit of estimated permafrost.
Extreme climate gradients exist and towards the humid northwest, where rock glaciers are absent and
vegetation patterns give an unclear climate signal, large uncertainties remain. Data currently being
recorded from a network of rock wall temperature measurements will help remove this uncertainty, and
will allow distribution modeling that better accounts for the topographic complexities of this steep
alpine region.
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Introduction
Internationally, mountain permafrost is a well recognized 
phenomenon in relatively low-angled debris-covered terrain 
where active rock glaciers produce distinctive landforms 
that indicate perennially frozen ground beneath. Previous 
research based upon the identification of active rock glaciers 
in the Southern Alps of New Zealand has suggested that 
permafrost probably occurs only sporadically within a 
very narrow altitudinal zone in the more arid areas of the 
Alps (Brazier et al. 1998). However, there has been no 
scientific consideration in New Zealand given to the likely 
wider distribution of permafrost within bedrock slopes, 
and in particular, on steep slopes which dominate at higher 
elevations throughout the Mount Cook Region (MCR). 
Recent large rock avalanches, including the spectacular 
summit failure of Mount Cook (McSaveney 2002) have 
awoken interest in the understanding of permafrost and slope 
stability interactions in the region. This paper aims to present 
the first results from permafrost distribution modeling for 
the MCR, based upon local application and calibration of 
topo-climatic relationships established in the European Alps. 
Initial validation of the estimated permafrost distribution is 
discussed on the basis of a rock glacier inventory and remote 
sensing-based vegetation mapping, and future research 
towards improved modeling in this region is introduced. 
Background
Studies of permafrost processes in New Zealand are 
limited (Soons & Price 1990), with only a few detailed 
studies emerging from the identification and dating of rock 
glaciers within the Southern Alps. These studies have served 
to improve the chronology of Holocene glacial activity in 
the region (McGregor 1967, Birkeland 1982) and offer some 
insights regarding possible climate sensitivities of rock 
glaciers (Jeanneret 1975, Kirkbride & Brazier 1995). From 
the mapping and classification of periglacial landforms in 
the Ben Ohau Range, Brazier et al. (1998) suggested that 
permafrost distribution was more limited than would be 
expected based upon climatic boundaries identified in the 
European Alps (Haeberli 1985). In the driest, generally low-
elevation mountains east of the Southern Alps, rock glaciers 
are absent and ice-free talus slopes dominate. In the more 
humid, maritime regions to the west where precipitation 
exceeds 10000 mm y-1, glacier equilibrium line altitudes 
(ELAs) are low and temperate mountain glaciers dominate, 
with no active permafrost landforms evident (Augustinus 
2002). Between these two extremes, within a narrow zone 
where precipitation does not exceed 1500 mm y-1 ELAs are 
higher, glacial ice is limited to debris-covered cirques, and 
more numerous permafrost landforms are found (Brazier et 
al. 1998). 
Understanding permafrost distribution within complex steep 
mountain terrain is a relatively new field of scientific research 
largely stemming from European-based studies in relation to 
climate warming, permafrost degradation and related slope 
instability hazards (Gruber & Haeberli 2007). During the past 50 
years, several large rock avalanche events have occurred within 
the MCR (McSaveney 2002), but in the complete absence of 
data regarding permafrost distribution in the steep terrain of the 
Southern Alps, the possible role of permafrost weakening 
within past or future detachment zones is uncertain. 
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In complex mountain terrain, variations in topography and 
related permafrost factors such as snow cover result in the 
necessary use of spatial modeling to achieve any realistic 
estimate of permafrost distribution (Etzelmüller et al. 2001). 
A hierarchy of modeling procedures has therefore been 
developed over recent years (Hoelzle et al. 2001). Readily 
applied empirical-statistical approaches relate documented 
permafrost occurrences to easily measured topo-climatic 
factors such as altitude, slope and aspect, air temperature, 
and solar radiation (e.g., Imhof 1996) and are particularly 
well suited for preliminary assessment and planning in 
relation to geotechnical hazards (Harris et al. 2001). A 
useful, and essential first step in these studies has been the 
adaptation of Haeberli’s (1975) original topo-climatic key 
for predicting permafrost occurrence, which provides an 
immediate impression of likely permafrost distribution, 
and a basis from which local validation and more advanced 
modeling can proceed.
Study Region
The MCR is broadly defined here to encompass the 700 
km2 Aoraki Mount Cook National Park, extending west of 
the Main Divide into the Westland National Park and south to 
include the Ben Ohau Range (Fig. 1A). The region includes 
the highest mountains and the most heavily glacierised 
terrain of New Zealand’s Southern Alps. Permanent snow 
covered peaks are found between 2500 and 3754 m a.s.l., 
with local relief in the order of 1000–2700 m. Moist westerly 
airflow perpendicular to the Main Divide, generates very 
high orographic rainfall amounts and creates an extreme 
precipitation gradient leeward of the Alps (Griffiths & 
McSaveney 1983). Glacial retreat since the Little Ice Age 
maximum has been most rapid during the mid 20th Century, 
leading to a 25% loss of total ice area in the Southern Alps 
during this past century, although some highly responsive 
glaciers have had notable periods of advancement over 
recent years (Chinn 1996). 
Estimating Permafrost Distribution
Based on extensive geophysical and morphological 
investigations of rock glacier phenomena in the eastern Swiss 
Alps during the 1970s, Haeberli (1975) developed ‘rules of 
thumb’ for predicting permafrost occurrence. Stemming 
from these rules was the empirical topo-climatic key, 
incorporating the primary physical factors which influence 
permafrost distribution, determining both a zone of probable 
permafrost and the permafrost limit within a transitional 
zone termed “possible permafrost.” These physical factors 
include significant aspect dependent radiation effects, 
altitudinal changes in air temperature, and topographically 
related snow cover variation (Etzelmüller et al. 2001). In 
relation to snow cover, gentle terrain situated at the foot 
of steeper slopes where long-lasting avalanche snow may 
accumulate can maintain cooler ground surface temperatures 
than steeper slopes of the same aspect. On flat terrain, the 
local permafrost distribution is determined more by air 
temperature and snow cover than by radiation. Calibration 
of the key to local conditions in the MCR was based upon 
calculation of mean annual air temperature (MAAT) for 
the years 1982–2007 and the local 0°C isotherm elevation 
using daily temperature data from three climate stations 
located across the region (Fig 1A). For the eight primary 
slope aspects, the original elevation zones given in the topo-
climatic key were either raised or lowered based upon the 
difference between the local elevation of the 0°C isotherm 
and the equivalent value from the Swiss Alps where the key 
was established. Topographic values for all analyses were 
extracted from the Landcare Research 25 m resolution South 
Island digital terrain model (DTM).
In an attempt to account for the significant climate 
gradients associated with the föhn effect which results 
from initially moist airflow across the Main Divide, the 
0°C isotherm was calculated independently using MAAT 
measured at each of the three climate stations. Hydrological 
studies in the region have shown that rainfall gradients are 
approximately parallel to the Main Divide, with maximum 
rainfall measurements associated with the steepened terrain 
along the alpine fault (e.g., Griffiths & McSaveney 1983). 
Because of the effects of decreasing moisture towards the 
southeast on environmental lapse rates, the following values 
were used: Franz Josef, 0.005°C m-1 (Anderson 2003), 
Mount Cook Village, 0.0065°C m-1 , and Lake Tekapo, 
0.0075°C m-1. The latter two rates have not been directly 
measured, but were inferred from the nearest available 
Figure 1. A) GIS-based modeling of possible steep permafrost 
distribution (black) in the MCR based upon adjustment of the 
original topo-climatic key (Haeberli 1975) using MAAT calculated 
from the Franz Josef (FJ), Mount Cook Village (MCV) and Lake 
Tekapo (LT) climate stations. Also shown are the locations of 
Mount Cook (MC, 3754 m) and Mount Sefton (MS, 3151 m), B) 
Closer view of the estimated permafrost terrain around the summit 
area of Mount Sefton, C) repeated for a 0°C isotherm rise of 200 m, 
and D) a 0°C isotherm lowering of 200 m. The base image used is 
an ASTER satellite mosaic from 2007.
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measured locations where precipitation and humidity values 
are comparable (Brazier et al. 1998). Using a GIS procedure, 
the 0°C isotherm elevations were then interpolated between 
the three climate stations in a southeastern direction based 
upon distance from the alpine fault (Fig 1A). This modeling 
of 0°C isotherm elevations is a crude simplification, but 
for the purposes of an initial permafrost estimate, it is able 
to provide an approximation for the influence of moisture 
gradients prevailing across this region of the Alps.
Table 1 gives the adjusted permafrost elevation limits 
based upon the 0°C isotherm elevation of 2114 m calculated 
at the Mount Cook Village. This establishes a lower limit 
of permafrost in steep terrain (on slopes >20°) of 2880 m 
on sunny northern aspects, decreasing to 2230 m on shaded 
southern aspects. At Franz Josef, where a strong maritime 
climate prevails, the 0°C isotherm could be positioned up to 
270 m higher, with a corresponding rise of the permafrost 
limits by the same amount, whereas these limits may be 
190 m lower towards the drier climate at Lake Tekapo. At 
the foot of slopes (<20°), permafrost may be possible up to 
750 m lower than on corresponding steeper slopes, but is 
probable at elevations only 400 m lower. 
All elevations are given in metres above sea level (m). Values 
are based upon MAAT at Mount Cook Village (765 m) and an air 
temperature lapse rate of 0.0065°C m-1. Variability is calculated 
using MAAT at Franz Josef (155 m) and Lake Tekapo climate 
stations (762 m) with given lapse rates. 
At elevations where possible steep permafrost is predicted 
along the Main Divide, glacial ice dominates much of the 
terrain with only limited exposed bedrock around ridge tops, 
on steep faces and rock outcrops (Fig 1A). In this region of 
the Alps, the average ELA is around 2000 m, well below 
the lower boundary of permafrost such that temperate glacial 
ice dominates, but areas of polythermal ice and associated 
permafrost interactions are likely within the higher elevation 
cliff and hanging glaciers (Etzelmüller & Hagen 2005). In 
the drier southeast, glacial growth is restricted with both talus 
and bedrock surfaces featuring prominently at elevations 
within the estimated permafrost terrain. 
The accuracy of the selected lapse rates, MAAT, and 
resulting 0°C isotherm calculations will have a significant 
influence on the permafrost distribution estimate. This 
sensitivity is well illustrated for the area of the Main Divide 
around Mount Sefton (Figs. 1B-D). The current model 
estimates widespread permafrost surrounding the summit 
pyramid and along the ridges to the west and northeast. 
However, a 200 m lowering of the isotherm due to a colder 
MAAT or greater lapse rate selection would significantly 
increase the estimated possible permafrost distribution 
along all surrounding ridgelines and on all slope aspects. 
Under the scenario of a warmer MAAT or lower selected 
lapse rate resulting in a 200 m rise of the isotherm, the 
estimated permafrost terrain becomes mostly limited to the 
shaded aspects high on the summit area of Mount Sefton. 
While illustrating the sensitivity of the topo-climatic key 
to local calibration, this also gives some indication of the 
effect future climate warming could have on permafrost 
distribution in the region. 
Local Validation Using Rock Glacier Inventory
Active and fossil periglacial landforms have been 
previously mapped in the Ben Ohau Range using a threefold 
classification of debris-covered glaciers, cirque-floor lobe 
forms, and talus rock glaciers (Brazier et al. 1998, Appendix 
1). Although the Ben Ohau Range comprises only a small 
area of the much larger study region, it does contain the only 
known active permafrost forms in the region, and therefore 
is able to provide some initial local-scale validation of the 
permafrost distribution estimate. The original mapped 
landform data were transferred into a GIS inventory of 
active and fossil permafrost forms, with some positions and 
measurements reassessed using high resolution (0.61 m) 
QuickBird satellite imagery in combination with a DTM. 
A total of 70 permafrost forms were mapped according to 
their Rock Glacier Initiation Line Altitude (RGILA) position 
as measured from the foot of the talus. Active debris-
covered glaciers are not necessarily indicative of permafrost 
conditions, but are included here to further illustrate the 
distinct landform zonation that occurs along this range 
(Brazier et al. 1998). 
The active permafrost forms predominate on shaded aspects 
within a narrow 8.2 km north-south zone towards the centre 
of the Ben Ohau Range where the highest peaks are just above 
2400 m (Fig. 2A). The RGILA of all active landforms would 
therefore be expected to lie mid-way between the permafrost 
limits estimated at the southern and northern ends of the 
range, but instead are positioned at altitudes 20 to 180 m 
lower (Fig. 2B). Permafrost originating at the foot of slopes 
might account for the preservation of some of these forms at 
lower elevations, but the possibility that the model estimate 
is too high within this area of the study region must also 
be considered. Although data are unavailable for northerly 
aspects, the aspect-related variability of the model from east 
through to west appears to match the distribution of active 
rock glaciers. No fossil permafrost forms are located within 
Table 1. Topo-climatic key for the estimation of permafrost 
distribution in the MCR adapted from Haeberli (1975).
Aspect Permafrost possible Permafrost probable
Steep slopes Foot of slopes Steep slopes Foot of slopes
S 2280 1980 2480 2430
SE 2330 2180 2480 2580
E 2480 2280 2880 2580
NE 2730 2180 2880 2580
N 2880 2130 2880 2480
NW 2580 2030 2780 2430
W 2380 1980 2480 2330
SW 2230 1930 2280 2280
Flat Areas
Wind-exposed
Wind-shielded
2480
2530
2580
2880
Variability
Franz Josef (0.005 °C m-1) 270 m higher 
Lake Tekapo (0.0075 °C m-1) 190 m lower
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the estimated permafrost terrain and most are positioned 
more than 200 m below the estimated boundary, which is 
greater than can be expected from 20th Century temperature 
warming in this region (Salinger 1979). The numerous fossil 
forms mapped at the southern end of the range are located 
at much lower altitudes, with surface dating suggesting 
that many of these forms are periglacial relics from the late 
Pleistoscene (Birkeland 1982). Towards the northern end of 
the range, increased snowfall combined with topographic 
effects enables the growth of heavily debris covered cirque 
glaciers at higher elevations and neither active nor fossil 
permafrost forms are observed here. 
Comparison with Vegetation Mapping
Modern remote sensing-based mapping techniques are able 
to provide a crude, indirect indication of likely permafrost 
distribution (Etzelmüller et al. 2001). The presence or absence 
of alpine vegetation is a particularly well known indicator of 
permafrost distribution in mid-latitude mountains (Haeberli 
1975), and the inclusion of vegetation abundance mapping 
from satellite imagery has proven a useful parameter 
for improved distribution modeling (Gruber & Hoelzle 
2001). In the current study, orthorectified 15 m resolution 
Advanced Spaceborne Thermal Emission and Reflection 
Radiometer (ASTER) imagery from 2007 was used to create 
a map of vegetation distribution for the entire study region. 
To achieve this, the Normalised Difference Vegetation Index 
(NDVI) was used, which is based upon the contrasting 
spectral response of healthy vegetation between the red and 
near infrared (NIR) wavelengths. Combined with a DTM, 
altitudinal patterns in vegetation distribution were analysed 
and compared with the estimated permafrost distribution. A 
comparison is made between the maximum altitude of alpine 
vegetation growth (MAV) and the estimated lower limit of 
steep permafrost distribution within every 1 km zone in a 
northwestern to southeastern direction across the Southern 
Alps, parallel to the climatic gradient (Fig. 3). To examine 
the influence of slope aspect on vegetation patterns and 
any relationship there might be to permafrost distribution 
patterns, analyses are included for both sunny northern 
aspects and shaded southwestern aspects. A slope curvature 
threshold was incorporated to ensure that only pixels with a 
small change in aspect were included, minimizing the risk of 
erroneous measurements around sharp terrain features. 
In the drier mountains east of the Main Divide, such 
as the Liebig and Ben Ohau Ranges, the MAV on steep 
southwestern aspects is positioned at around 2000 m, and is 
consistently 200 m lower than the estimated lower boundary 
of possible permafrost for these slopes. Closer towards the 
Main Divide, this difference increases to over 400 m as the 
rise in permafrost limits is not matched by any rise in MAV. 
In fact, the fluctuating MAV decreases closer to the Main 
Divide possibly as a function of large maritime snowfalls 
combined with the effects of geomorphic and glacial 
disturbances. On northern slope aspects the MAV averages 
150 m higher than on southwestern aspects, with some greater 
differences measured nearer to the Main Divide, but never 
coming close to reflecting the much greater differences that 
are expected between permafrost limits on these contrasting 
Figure 2. A) Modeled permafrost distribution on steep slopes (black) 
along the Ben Ohau Range compared with an inventory of active 
(triangle) and fossil (circle) rock glacier forms, and debris covered 
glaciers (square). Permafrost modeled at the foot of slopes is also 
shown (grey), based on slope curvature analyses. B) The spatial 
distribution of rock glacier forms is compared to steep permafrost 
lower elevation limits at the northern (grey) and southern (black) 
ends of the Ben Ohau Range. 
 Figure 3. MAV (dashed) and corresponding minimum elevation of 
estimated permafrost distribution (solid lines) are plotted for steep 
northern (grey) and southwestern slopes (black) from northwest-
southeast across the study region. The topographic profile with 
main mountain ranges labeled is also provided. 
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slope aspects. The lack of any strong MAV pattern across 
the study region suggests that the usefulness of vegetation as 
an indicator of likely permafrost distribution is very limited 
in the Southern Alps of New Zealand. While the presence of 
vegetation confirms the absence of permafrost, the absence 
of vegetation offers very little conclusive information as to 
the distribution of permafrost, particularly nearer towards 
the Main Divide. 
Discussion
Application of topo-climatic relationships established 
within the Swiss Alps to a more maritime alpine region 
characterized by extreme climate gradients produces many 
challenges. MAAT and lapse-rate calibration parameters 
used here are based on low-elevation climate stations 
located some distance from the Main Divide, and with the 
absence of additional data, climate gradients across the 
highest terrain cannot be modeled with certainty. A current 
study is suggesting that maximum precipitation might exist 
very close to, and even leeward to the Main Divide (Kerr et 
al. 2007), which would likely raise the estimated permafrost 
limits near to this region. In addition to the effect that climate 
gradients will have on local MAAT, associated differences 
in factors such as cloudiness and precipitation will also 
influence the amount of variation within the topo-climatic 
key from northern to southern aspects. Heavy snowfall and 
maritime cloud cover near the Main Divide will influence 
solar radiation patterns at the ground surface, which largely 
determine the aspect variation within the key. Therefore, 
the assumption of uniform variation between slope aspects 
across the study region must be reconsidered in a more 
advanced approach to modeling permafrost distribution. 
Comparison of modeled permafrost distribution with 
rock glacier inventories is a well-established approach (e.g., 
Imhof 1996), but was restricted in the current study by the 
limited spatial distribution of these landforms. Modern earth 
imagery such as QuickBird has significantly improved the 
ability to recognize and map permafrost features, but some 
subjectivity and potential for error remains in determining 
active from inactive landforms and defining parameters such 
as the RGILA. Vegetation patterns in relation to climate 
gradients and permafrost distribution were explored here on 
the fundamental basis of being absent or present, but given 
the ecological diversity that exists across the Southern Alps, 
more useful patterns might be observed within individual 
species or by using the NDVI to explore topographic patterns 
in plant biomass (Gruber & Hoelzle 2001). 
Recent large rock failures in the European Alps have 
suggested that permafrost degradation is a serious concern in 
relation to climate warming and slope instability (Gruber et 
al. 2004). In the Southern Alps of New Zealand, the summit 
collapse of Mount Cook in 1991 detached from a maximum 
elevation of 3720 m on an eastern exposition (McSaveney 
2002). This is well above the estimated lower boundaries 
of possible permafrost where 20th Century thawing may be 
expected. However, the large rock buttress involved in the 
failure extended down to a much lower elevation, and in 
complex, steep topography, the effects of three-dimensional 
thermal gradients must also be considered because of 
contrasting temperatures between colder and much warmer 
sunny slope expositions of the terrain (Noetzli et al. 2007). 
Furthermore, bedrock temperatures are complicated by 
the presence of steep ice bodies because heat exchanges 
associated with surface melting can induce significant 
thermal anomalies within the underlying bedrock (Huggel et 
al. 2008). Of the other large rock avalanche events occurring 
in the region over the past 50 years, three originated from 
within the estimated permafrost terrain, while another was 
initiated from an elevation approximately 140 m below 
the estimated lower permafrost boundary. In addition, two 
recent fatal rockfall events near the summits of Mount Cook 
and Mount Sealy further south, have also originated from 
within the estimated permafrost terrain. 
On the basis of this initial estimate of permafrost distribution 
and the uncertainties it has raised, a field campaign was 
initiated during November 2007 measuring the spatial 
variation of rock surface temperatures on steep bedrock 
slopes over a 12-month period. Following the methodologies 
developed by Gruber et al. (2003), 15 miniature temperature 
data loggers were installed at elevations ranging from 2400 
m to 3150 m on various slope aspects both immediately 
on the Main Divide and on the drier Liebig Range towards 
the southeast. In addition, a series of high elevation air 
temperature loggers have been installed across the region 
to better establish relationships with the low elevation, long 
term records from the Mount Cook Village climate station. 
Information regarding the spatial distribution of rock surface 
temperatures will be used to more accurately model and 
validate permafrost distribution across the region.
 
Conclusions
A first-order approach for permafrost distribution mapping 
in the Mount Cook Region of New Zealand’s Southern 
Alps has been presented. Towards the southeast of the 
region a drier, more continental climate prevails, and the 
permafrost estimate gives reasonable correspondence with 
the limited distribution of active and fossil rock glaciers. 
Closer towards the Main Divide where conditions are more 
humid, the lower boundary of permafrost distribution is 
expected to be significantly higher, but rock glaciers are 
absent here preventing any potential for local validation. 
Similarly, modeled vegetation altitudinal limits across the 
region showed no relationship with the climatic gradients 
which are expected to influence permafrost distribution. 
Future modeling will incorporate rock wall temperature data 
to facilitate permafrost modeling which better accounts for 
the effects of solar radiation and topographic shading in this 
complex, steep mountain environment. 
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